Abstract -A photoconductive terahertz emitter based on nanoscale contact electrode gratings is presented and experimentally demonstrated. The nanoscale grating enables ultrafast and high quantum efficiency device operation simultaneously, by reducing the photo-generated carrier transport path to photoconductor contact electrodes. The presented photoconductor eliminates the need for a short-carrier lifetime semiconductor, which limits the efficiency of conventional photoconductive terahertz emitters. A photoconductive terahertz emitter based on the presented scheme is implemented and integrated with 0.5 THz dipole antenna arrays. Emitted radiation is characterized in a terahertz timedomain spectroscopy setup, measuring a full width at half maximum response time of 670 fs.
I. INTRODUCTION
Photoconductive antennas have been one of the most extensively used sources of terahertz (THz) radiation [1] . Operation of photoconductive terahertz emitters is based on an incident optical pump generating electron-hole pairs in the photo-absorbing semiconductor region of a photoconductor (Fig. 1a ). An applied voltage across the photoconductor contract electrodes drifts the generated carriers toward their corresponding contact electrodes. The collected photo-current at the photoconductor contact electrodes drives a terahertz antenna connected to the photoconductor contact electrodes. The generated photo-current follows the waveform of the optical pump. By using a sub-picosecond optical pulse or heterodyning two continuous-wave optical beams with a terahertz frequency difference, a pulsed or continuous-wave terahertz current is coupled to the terahertz radiating antenna, respectively. In order to operate at the desired terahertz frequency range, the transport time of the photo-generated carriers to the photoconductor contact electrode must be a fraction of the terahertz oscillation period [2] - [5] .
To achieve such ultrafast carrier transport times, shortcarrier lifetime substrates are generally used in conventional photoconductive terahertz sources, eliminating charge carriers with long transport times in the substrate. However, using short-carrier lifetime semiconductors reduces the photoconductor quantum efficiency significantly due to the very high carrier recombination rates in short-carrier lifetime semiconductors. Additionally, due to the high density of defects inside the short-carrier lifetime semiconductor crystals, the carrier mobility and thermal conductivity is greatly degraded [6] .
Alternatively, decreasing the spacing between photoconductor contact electrodes can reduce the carrier transport times in the absence of a short-cattier lifetime semiconductor. However, the corresponding increase in capacitive loading to the terahertz antenna and reduction of optical pump transmission into the photoconductor active area limit the effectiveness of this method.
II. TERAHERTZ EMITTER DESIGN
To address the quantum efficiency limitation of conventional photoconductive terahertz sources based on short-carrier lifetime semiconductors, we present a photoconductive terahertz emitter utilizing nanoscale photoconductor contact electrode gratings to simultaneously achieve both ultrafast and high quantum efficiency operation. This photoconductive terahertz source circumvents the need of a short-carrier lifetime semiconductor substrate, allowing for use of high quality, crystalline substrates. Figure 1b shows the schematic diagram and operation concept of the photoconductive terahertz source based on nanoscale contact electrode gratings. The photoconductor contact electrodes consist of two arrays of nanoscale metallic gratings connected to the input port of a dipole terahertz antenna. The grating periodicity (200 nm) and metal spacing (100 nm) is chosen to be smaller than the wavelength of the incident optical pump. Therefore, the grating geometry can be specifically designed to allow efficient optical transmission through the metallic gratings into the photo-absorbing active region by excitation of surface waves along the periodic metallic grating interface [7] . Compared to conventional photoconductive terahertz sources with contact electrode spacing of ~2 μm, the nanoscale spacing of the contact electrode gratings significantly reduces the photo-generated carrier transport path to the photoconductor contact electrodes. Additionally, the 2 μm separation of the two nanoscale metallic grating arrays maintains low capacitive loading to the terahertz antenna. Moreover, due to the excitation of surface waves along the periodic metallic grating interface, the intensity of the transmitted optical pump is significantly enhanced near the corners of the contact electrodes, further reducing the average transport time of the photo-generated carriers to the contact electrodes. Thus ultrafast photoconductor operation can be achieved while maintaining a high quantum efficiency without the use of semiconductors with defect induced short-carrier lifetimes. Figure 2a shows the nanoscale grating designed for enhanced optical absorption for a TM-polarized 1550 nm optical pump. We have chosen this optical wavelength due to its compatibility with fiber-optic telecommunication wavelengths at which high power, wavelength tunable, and compact optical sources are commercially available. In order to achieve high optical absorption at 1550 nm pump wavelength, In 0.53 Ga 0.47 As is chosen as the photo-absorbing semiconductor. Using a gold grating with a 200 nm periodicity, 100 nm metal spacing, and 50 nm metal thickness, efficient transmission of more than 65% of the incident optical pump into the In 0.53 Ga 0.47 As photo-absorbing region is achieved. The thickness of the photo-absorbing In 0.53 Ga 0.47 As layer (60 nm) on the InP substrate is chosen to maintain a subpicosecond device response time and low DC photocurrent by preventing photocarrier generation at deep semiconductor regions that do not contribute to terahertz radiation generation. The photo-generated carrier concentration and optical power flow in the cross section of the designed photoconductor is shown in Fig. 2a . Since the excited surface waves exist at the metal-dielectric interface, regions near the corners of the gold electrodes exhibit the largest generation of carriers. The proximity of these carriers to the electrodes reduces the average carrier transport time.
By combining the photo-generated carrier profile with carrier transport dynamics under the influence of the bias electric field, the impulse response current of the designed photoconductor generated by an optical impulse is calculated and compared with the impulse response current of a conventional photoconductor design with a contact grating pitch of 2 µm and metal width of 100 nm fabricated on an infinitely thick In 0.53 Ga 0.47 As substrate with a carrier lifetime of 0.3 ps. The results indicate that the photoconductor based on nanoscale contact electrode gratings offers an order of magnitude higher impulse response current compared with a conventional photoconductor for the same photoconductor active area and optical pump intensity (Fig. 2b) . 
III. EXPERIMENTAL RESULTS
In order to implement a photoconductive terahertz emitter, the designed photoconductor is integrated with a terahertz antenna. Since the amplitude of the photo-generated current fed to the antenna is linearly proportional to the photoconductor active area, an array of closely spaced dipole antennas is designed to increase the photoconductive area while maintaining a small RC time-constant and high radiation resistance. We have used ADS and HFSS software packages to optimize the antenna array structure for maximum radiation power, by combining the antenna radiation parameters, photoconductor parasitics, and the amount of injected current based on photoconductor active area. An array of 6 µm wide, 0.5 THz dipole antennas separated laterally by 2 μm is selected for the prototype device. The terahertz emitter prototype was fabricated on a lowdefect, epitaxially-grown In 0.53 Ga 0.47 As layer on a semiinsulating, lattice-matched InP substrate (Fig. 3a) . Nanoscale Au gratings were patterned using electron-beam lithography followed by Au deposition and liftoff. The ultrafast operation of the implemented photoconductor prototype in response to a 150 fs optical pump pulse is characterized in a time-domain spectroscopy setup. The electric field of the generated radiation indicates a 670 fs FWHM, as shown in Fig. 3b , confirming the expected ultrafast operation of the photoconductor prototype without the need for a short-carrier lifetime semiconductor. The frequency spectrum of the field is shown in Fig. 3c , indicating terahertz generation up to approximately 1.5 THz.
IV. CONCLUSION
A photoconductive terahertz emitter based on nanoscale contact electrode gratings is presented and experimentally demonstrated. The use of nanoscale gratings significantly reduces the photo-generated carrier transport path to photoconductor contact electrodes and enables, for the first time, ultrafast operation without the need of short-carrier lifetime substrates which limit the efficiency of conventional photoconductive terahertz sources. The ability to achieve ultrafast operation while maintaining high quantum efficiency is very valuable for future high-power terahertz emitters.
